Inhalation of beryllium (Be) has been associated with 2 syndromes: an acute chemical pneumonitis and a granulomatous lung disease known as chronic beryllium disease (CBD). Key to the pathogenesis of CBD is a delayed-type hypersensitivity reaction, in which Be most likely functions as a hapten and acts as a Class II-restricted antigen, stimulating local proliferation and accumulation in the lung of Be-specific CD4+ T cells. The purpose of this study was to establish a mouse model of CBD using the inhalation route of exposure. A/J (H-2 a haplotype) and C3H/HeJ (H-2 k ) mice were exposed once for 90 min in nose-only exposure tubes to aerosols of Be metal. Six mo later, lung histopathologic responses were assessed. Further analyses defined the phenotypic profile of lymphocytes in pulmonary lesions and evaluated proliferation of lymphocytes in situ and in response to Be in vitro. Responses were similar in both strains of mice. The lungs of all Be-exposed mice had interstitial compact aggregates of lymphocytes, and granulomatous pneumonia characterized by vacuolated macrophages and giant cells in alveoli, neutrophils in alveoli and alveolar septa, multifocal interstitial granulomas, and interstitial infiltrates of lymphocytes, plasma cells, monocytes, and macrophages. Most Be-exposed mice had minimal to mild interstitial fibrosis. The majority of lymphocytes in interstitial infiltrates and in microgranulomas were CD4+ T cells. Interstitial compact aggregates of lymphocytes contained B cells centrally and CD4+ cells peripherally. Lymphocyte labeling indices, used to assess proliferation in situ, were significantly greater within microgranulomas compared to compact lymphocytic aggregates. Lymphocyte stimulation indices in response to BeSO 4 in vitro were not positive in blood, spleen, or tracheobronchial lymph node samples. Be-specific immune responses and nonspecific inflammatory responses to toxic and foreign-body properties of Be may have contributed to the histopathology in both strains of mice. The interstitial mononuclear cell infiltrates, presence of microgranulomas, multinucleated foreign-body and Langhans' giant cells, interstitial fibrosis, and CD4+ T-cell predominance with local proliferation are features similar to CBD in humans. The chronic lung disease induced in these mice by inhaled Be can be used to investigate the importance of variables such as dose, exposure pattern, and physicochemical form of Be in producing this disease.
INTRODUCTION
Occupational exposure to inhaled beryllium (Be) has been associated with 2 syndromes: an acute chemical pneumonitis (7) and an immunologically mediated chronic granulomatous lung disease [reviewed by Kreiss et al (14) and Meyer (18) ]. Inhalation of Be salts, BeO, and Be metal can induce the acute chemical pneumonitis (5) , which is characterized morphologically by interstitial and intraalveolar edema, neutrophilic followed by lymphoplasmacytic infiltration, alveolar cell proliferation and desquamation, and hyaline membrane formation, that may evolve to an organizing pneumonia (7) . The chronic syndrome [chronic beryllium disease (CBD)] is a granulomatous inflammation characterized by mononuclear (macrophage, lymphocyte, and plasma cell) infiltrates, noncaseating granulomas, and varying degrees of fibrosis (7) . An antigen-driven, delayed-type hypersensitivity reaction is central to the pathogenesis of CBD [reviewed by Newman (22) ]. Beryllium most likely functions as a hapten, combining with carbohydrate or protein moieties to create the specific antigen. Patients with CBD have abnormally high numbers of CD4+ T lymphocytes in their lungs (3, 27) , and Saltini et al (28) showed that Be stimulates proliferation of sensitized CD4+ T cells in vitro in a Class II-restricted manner. The physicochemical form of Be may play a role in the disease pathogenesis ; epidemiological studies (5) suggest that, among various occupational exposures to Be, individuals who worked with Be metal have the highest incidence of CBD.
Numerous investigators have used other species, most recently rats (9) , mice (13) , dogs (8) , and monkeys (10) , and a variety of exposure regimens and routes to investigate the consequences of exposure to Be metal, oxides, or salts. In general, the histopathology in these animal models of CBD does not closely mimic the human disease, is frequently transient, and is not consistently associated with Be-specific immune responses. Recently, Haley et al (10) demonstrated increased numbers of bronchoalveolar lavage lymphocytes, interstitial fibrosis, lymphocytic infiltration, some discrete immune granulomas, and in vitro Be-specific lung lymphocyte proliferation in cynomolgus monkeys exposed to Be metal by intrabronchiolar instillation. Monkeys exposed to BeO at concentrations designed to achieve equimolar concentrations of available Be2+ ions compared to those exposed to Be metal generally did not have increased numbers of lavage lymphocytes, rarely had lung lesions, and did not exhibit in vitro Be-specific lung lymphocyte proliferation. These results support the idea that the extent of disease is influenced by the physicochemical form of Be. Huang et al (13) preimmunized A/J (H-2a haplotype) mice with BeS04 prior to intratracheal administration of BeS04 in syngeneic serum or administered BeO without preimmunization. The mice preimmunized and challenged with BeS04 exhibited transient increases in lavage B and CD4+ lymphocytes and macrophages, transient lymphocytic infiltrates, microgranulomas, and fibrosis. Bronchoalveolar lavage cells from these mice showed a minimal (3-fold or less) in vitro Be-induced proliferative response.
The purpose of this study was to establish a mouse model of CBD using the inhalation route of exposure. AJJ and C3H/HeJ mice were exposed to aerosols of Be metal. To characterize the model, chronic lung histopathologic responses, including phenotypes of lymphocytes in lesions, and proliferation of lymphocytes in situ and in response to Be in vitro, were evaluated and compared to responses reported for humans with CBD. The inhalation route of exposure was chosen because this is the route of the most significant occupational exposures. Beryllium metal was chosen because, based on the reported higher incidence of CBD in Be metal workers compared to workers exposed to other physicochemical forms of Be and the greater response in monkeys to Be metal compared to BeO, this form was expected to give the most persistent response that would most likely be accompanied by Be-specific immune responses. Work by Huang et al (13) , who used instilled BeS04, suggested that responses of AIJ mice to inhaled Be metal might mimic CBD. Because the high incidence of pulmonary neoplasia in A/J mice could be a confounding factor in interpretation of chronic studies of nonneoplastic effects of Be exposure, C3H/HeJ mice, which are much less susceptible to spontaneous and induced pulmonary neoplasia, were used as a second strain. We hypothesized that responses would be similar in A/J (H-2a haplotype) and C3H/HeJ (H-2k haplotype) mice because they have the same combination of alleles of Class II genes.
MATERIALS AND METHODS
Animals. Eighty-six female A/J and C3H/HeJ mice (Jackson Laboratories, Bar Harbor, ME; 43 mice of each strain) were obtained at 4-6 wk of age, quarantined for 2 wk, and conditioned to nose-only exposure tubes. Sev-enty-two mice were exposed by inhalation to an aerosol of Be metal in 1 of 6 separate exposure runs. Fourteen control mice were sham-exposed to filtered air. Each Be and filtered air exposure run contained equal numbers of mice of each strain. Before and after exposure, the mice were maintained in filter-topped polycarbonate cages lined with hardwood chip bedding. Food (Lab Blox, Allied Mills, Chicago, IL) and water were available ad libitum except during exposure. From each Be exposure run, 3 A/J and 3 C3H/HeJ mice were sacrificed 7 days after exposure for analysis of Be lung content to provide an estimate of initial Be lung burdens (ILBs) by strain and exposure run. The remaining 50 exposed and control mice (25 of each strain) were sacrificed at 28 wk postexposure. Twenty-six mice (8 exposed and 5 control mice of each strain) were injected intraperitoneally with 0.2 mg/g body weight of 5'-bromo-2-deoxyuridine (BrdU, 20 mg/ml) 3 times daily (6 am, 2 pm, 10 pm) for 2 days prior to sacrifice and on the morning of sacrifice (total of 7 injections) to label nuclei of replicating cells. Lungs from these mice were used for histopathologic analysis and to quantify replication of lymphocytes in situ. Cells from peripheral blood, spleen, and bronchial lymph node from 20 exposed mice (10 of each strain) and from 4 control mice (2 from each strain) were used for in vitro lymphocyte proliferation assays, and lungs from these mice were used to evaluate presence of lymphocyte subsets in lung lesions. Samples of lungs from these 20 Be-exposed mice were also analyzed for Be content.
Aerosols and Inhalation Exposures. Characteristics of the Be metal aerosol and exposure techniques have been described (9, 11) . Briefly, Be metal (Type 1-400, Brush Wellman, Elmore, OH) was continuously fed into a dry powder mill (Jet-O-Mizer, Fluid Energy Processing and Equipment Co., Hatfield, PA), passed through Stage 3 of an aerosol cyclone (Southern Research Institute, Birmingham, AL) and then delivered to a Lovelace 96-port, rodent nose-only chamber (12) for a single, brief exposure. The mice were exposed to Be metal under conditions designed to result in mean ILBs of approximately 60 jig Be. The mean duration for the 6 exposures was 90 min (SD = 13) with a mean mass concentration of 1,030 mg/m3 (SD = 170). Six separate exposures were performed, and each exposure run contained equal numbers of both strains of mice. The exposures were conducted over 3 days and occurred between 7 am and 3 pm. The nominal mass median aerodynamic diameter of the Be metal aerosol produced using this system was 1.4 )JLm with a geometric SD of 1.9, as determined using a Mercer cascade impactor (17) . Control mice were shamexposed to filtered air alone in a separate exposure chamber.
Necropsies and Tissue Sampling. The mice were sacrificed by intraperitoneal injection of sodium pentobarbital. Body weight was obtained, and lungs were removed and weighed. Beryllium content of right lung lobes of mice sacrificed 7 days postexposure was determined as described later. Lungs used for histopathology and quantitation of lymphocyte replication in vivo were fixed by intratracheal instillation of 10% neutral-buffered formalin at 25 cm hydrostatic pressure for 6 hr followed by tra-cheal ligation and immersion of the lungs in formalin fixative for 24 hr. Four serial transverse sections of the left lung and sagittal sections through the main axial airway of the right apical, right cardiac, and right diaphragmatic lung lobes were embedded in paraffin, sectioned at 5 )JLm, and mounted on charged glass slides (ProbeOn Plus slides, Fisher, Pittsburgh, PA). Mice used for determination of Be lung burdens 28 wk postexposure, evaluation of lymphocyte subsets in pulmonary lesions, and in vitro lymphocyte proliferation assays were exsanguinated by cardiac puncture after sodium pentobarbital injection just prior to death. Right intermediate lung lobes were used for Be analysis as described later. The remainder of the lung was inflated with a 1:3 solution of Tissue Tek cryopreservative and 10% sucrose, quickly frozen in isopentane followed by liquid nitrogen, and stored at -80°C until it was sectioned at 8 u-m on a cryostat. Blood, spleen, and tracheobronchial lymph nodes were processed for lymphocyte proliferation assays as described later.
Beryllium Analysis. Samples of lung tissue from mice sacrificed 7 days and 28 wk postexposure were analyzed for Be content as described by Finch et al (6) using flame atomic absorption spectroscopy (Model 306, Perkin-Elmer, Norwalk, CT) with an acetylene/N20 flame and a 235.4-nm absorbing wavelength. The limit of quantitation on this instrument was 0.098 ppm, which translated into a quantitation limit of 1-4 pLg per lung, when the total diluting volume and percentage of lung sample analyzed were taken into account. For each lung analyzed, the quantity of Be measured in the sample was adjusted to total lung Be content using the ratio of total lung weight to sample weight. For quality control, known amounts of Be metal were added to unexposed lung tissue and treated identically to the unknown samples. ILBs (mice sacrificed at 7 days after exposure; 6 mice per exposure run) and lung burdens at 28 wk were normalized by each animal's body weight at exposure. Strain-related differences were examined using t-tests incorporating a Bonferroni correction for multiple comparisons (BMDP 7D) with the level of significance set at p < 0.05.
Histopathology, Lymphocyte Proliferation In Situ, and Lymphocyte Phenotypes. To score histopathologic lesions, hematoxylin and eosin-stained sections of the left and right lung lobes of 8 exposed and 5 control mice of each strain were examined by light microscopy, and lesions were recorded using standardized terminology in a computer data base (PathTox, Xybion Medical Systems, Cedar Knolls, NJ). When present, lesion severity was graded on a scale from 1 to 4, reflecting the estimated portion of the lung structure involved and the intensity of the reaction (1 = minimal, <10%; 2 = mild, 11-24%; 3 = moderate, 25-50%; 4 = marked, 51-100%).
To evaluate lymphocyte proliferation within interstitial compact aggregates of lymphocytes and microgranulomas in situ, 4 left lung sections from each mouse were immunoreacted with anti-BrdU antibody. The sections were deparaffinized, rehydrated, and subjected to antigen retrieval as described by the manufacturer (BioGenex, San Ramon, CA). Next, the slides were incubated at room temperature in 0.05% Proteinase K (Sigma, St. Louis, MO) for 2 min, I N HCI for 1 hr, and 3% hydrogen peroxide in methanol for 5 min and blocked in diluted normal horse serum [Vector Laboratories, Burlingame, CA; 15 >1/ml Dulbecco's phosphate-buffered saline (DPBS)] for 20 min. The slides were reacted for 1 hr with anti-BrdU (Becton-Dickinson, Mountain View, CA) diluted 1:25 in Automation Buffer (Biomeda, Foster City, CA) containing 1 % bovine serum albumin (BSA; Sigma).
Mouse serum was substituted for anti-BrdU in serum (negative) control slides. Bound anti-BrdU was detected by incubation with a biotinylated secondary antibody (anti-mouse IgG diluted 1:500 in DPBS; Vector Laboratories) for 30 min, an avidin-biotin-peroxidase system (ABC Standard Kit; Vector Laboratories) for 30 min, and 3,3'-diaminobenzidine (DAB; Vector Laboratories) for 5 min. The counterstain was hematoxylin and eosin. Interstitial compact aggregates of lymphocytes and microgranulomas were identified (these lesions are described in the Results section). Lymphocytes within compact aggregates and microgranulomas >400 pLm2 were counted and classified as labeled (BrdU-positive nuclei) or unlabeled (BrdU-negative nuclei) using light microscopy and an oil objective (final magnification Xl ,000). The lymphocyte labeling index for each type of lesion for each mouse was expressed as the percentage of labeled lymphocytes. Means (± SD) of 3,812 (-860) and 4,694 (±726) lymphocytes per mouse were counted for A/J and C3H mice, respectively. Strain-and lesion-related differences in lymphocyte labeling indices were examined using a Mann-Whitney rank sum test (SigmaStat, Jandel Scientific, San Rafael, CA) with the level of significance set at p < 0.05.
To evaluate locations and relative proportions of B, CD4+ T, and CD8+ T lymphocytes in lungs of Be-exposed mice, serial frozen lung sections were placed on charged glass slides, fixed in 4°C acetone for 10 sec, rehydrated in Automation Buffer, and processed as follows. The slides were incubated in 0.3% hydrogen peroxide in DPBS for 5 min and blocked in diluted normal rabbit serum (Vector Laboratories; 15 pLL/mL DPBS) for 20 min. Serial slides from each mouse were reacted with rat IgG2a monoclonal antibodies (PharMinigen, Sorrento Valley, CA) to detect mouse pre-B and B (CD45R/B220; Ly-5/B220), CD4+ T (CD4; L3T4), and CD8+ T (CD8a; Ly-2) lymphocytes. Isotype-specific rat immunoglobulins (IgG2a; PharMinigen) were substituted for primary antibodies on serial immunoglobulin (negative) control slides. Sections of spleen were used as positive controls for each immunostaining assay. All antibodies and immunoglobulins were diluted 1:400 in Automation Buffer containing 1 °~o BSA. Biotinylated goat anti-rat (mouse adsorbed) IgG secondary antibody (Vector Laboratories) diluted 1:200 in DPBS was applied for 30 min followed by an avidin-biotin peroxidase system (ABC Standard Kit; Vector Laboratories) for 30 min. DAB chromogen was applied for 6 min, and the sections were counterstained with hematoxylin. The immunostained slides were evaluated by light microscopy, and the relative numbers of B, CD4+ T, and CD8+ T lymphocytes in lesions were assessed qualitatively.
Lymphocyte Proliferation In Vitro. Lymphocyte pro-liferation in response to Be in vitro was assayed using cells from blood, spleen, and tracheobronchial lymph nodes. Spleens and tracheobronchial lymph nodes were handled as separate samples from individual mice (10 exposed and 2 control per strain). Samples of peripheral blood were pooled into 4 samples (2 A/J and 2 C3H/HeJ) from 5 mice each for the exposed mice and 2 samples ( I A/J and 1 C3H/HeJ) from 2 mice each for the control mice. The pooled blood samples were centrifuged at 1,000 g to sediment red cells. The plasma and buffy coat were withdrawn, buffy coat cells were washed twice in RPMI 1640 (Gibco/BRL, Gaithersburg, MD), and the cells were counted with a Coulter Counter Model ZB 1 (Coulter Electronics, Hialeah, FL). Tracheobronchial lymph nodes were processed in glass tissue homogenizers with a few milliliters of RPMI 1640. The homogenate was washed twice in RPMI, and the cells were counted.
Spleens were bisected, and the contents teased from the capsule into a few milliliters of RPMI. This extract was washed twice in RPMI containing 20 J.Lg/ml DNAse (Sigma). After the second wash, the samples were filtered through 80-pLm nylon mesh to achieve a single cell suspension and the cells were counted. In vitro lymphocyte proliferative responses to BeS04 were characterized using a standard lymphocyte stimulation assay (27) . Cell I.-Histopathologic lesions in lungs of Be-exposed and control mice.° Granulomatous pneumonia was characterized by hypertrophic, vacuolated macrophages in alveoli, variable numbers of neutrophils in alveoli and alveolar septa, and septal and perivascular infiltrates of lymphocytes, plasma cells, monocytes, and macrophages. Microgranulomas, which were focal, organized, interstitial collections of macrophages, giant cells, and lymphocytes were considered a component of the granulomatous in$ammation and were not scored separately. See text for definitions of other lesions. b First number is the average severity score calculated as (sum of the severity scores)/(number of mice affected). Lesions were scored as 1 = minimal, 2 = mild, 3 = moderate, and 4 = marked. Number in parentheses is the number of mice affected. Lungs from 8 Be-exposed and 5 control mice of each strain were examined.
3.2 -~ 1.3 pLg/g, respectively). At 28 weeks after exposure, C3H/HeJ mice continued to have significantly greater absolute lung burdens than A/J mice (24 ± 10 jjbg versus 15 ± 5 ~,g, respectively); however, unlike the results at 7 days post exposure, lung burdens normalized by body weight at the time of exposure were also significantly greater (1.3 ± 0.5 pLg/g body weight vs 0.8 ± 0.3 pLg/g body weight, respectively). Thus, some 60-70% of the ILB was cleared from the lungs of both strains over the course of the experiment.
Lung Lesions
Macroscopic lung lesions in both strains of Be-exposed mice consisted of multiple, irregular, pale, coalescing, 2-8-mm-diameter foci distributed throughout the parenchyma. The lesions were mild to marked in severity. No macroscopic lesions were observed in sham-exposed control mice.
Principal histopathologic findings are summarized in Table I . All Be-exposed mice had multifocal granulomatous pneumonia characterized by hypertrophic, vacuolated macrophages in alveoli, variable numbers of neutrophils in alveoli and alveolar septa, and septal and perivascular infiltrates of lymphocytes, plasma cells, monocytes, and macrophages (Fig. lA, B) . Cholesterol clefts and degenerating macrophages were present. Multinucleated foreign-body giant cells were frequently observed, whereas Langhans' giant cells were less commonly observed. Both types of giant cells were slightly more prominent in C3H/HeJ mice than in A/J mice. Foci where the interstitial infiltrates were more organized and caused a discrete thickening of the interstitium due to accumulations of macrophages and giant cells, lymphocytes, and small numbers of plasma cells were common and were referred to as microgranulomas (Fig. 1C, D) . Black, irregular particles, presumably Be metal, were frequently observed within intraalveolar and interstitial macrophages and within proteinaceous and necrotic cellular debris. The granulomatous pneumonia occupied a greater A) Chronic granulomatous pneumonia. Alveoli are filled with hypertrophic and multinucleated macrophages. Arrows indicate 2 giant cells. Arrowheads point to septal infiltrates of mononuclear cells. X240. B) Septal infiltrate comprised of lymphocytes, macrophages, and plasma cells. Beryllium metal is evident as small, black, irregular particles. Arrow points to a macrophage containing Be particles. X300. C, D) Microgranulomas within alveolar septa. Predominant cells in these focal lesions are macrophages and lymphocytes. Langhans' giant cells (arrows) sometimes contained prominent Be particles, as in D. X300.
proportion of the lung in C3H/HeJ compared to A/J mice, and the number of neutrophils and amount of karyorrhectic debris were greater in C3H/HeJ mice. In contrast, the amount of alveolar proteinosis, recognized as an acellular, eosinophilic, finely granular material within alveoli, was greater in A/J than in C3H/HeJ mice. In both strains of mice, alveolar epithelial hyperplasia was concomitant with the granulomatous pneumonia, and the severity of hyperplasia was proportional to the severity of inflammation.
Interstitial compact aggregates of lymphocytes were conspicuous in all Be-exposed mouse lungs. These aggregates were defined as tight, usually circular, collections of almost purely lymphocytes (Fig. 2) ; a few plasma cells or, rarely, a Be-particle-containing macrophage were located within aggregates.
Mild septal fibrosis, defined as an increase in collagen within alveolar septa, accompanied the granulomatous pneumonia ( Fig. 3 ) in all Be-exposed C3H/HeJ mice, except 1 mouse that had only minimal septal fibrosis. Four  FIG. 2. -Interstitial compact aggregate of almost purely lymphocytes. Note Be-containing macrophages (arrows) in alveoli and interstitium below, but not within, the lymphocytic aggregate. H&E.
X300.
Be-exposed A/J mice had minimal to mild septal fibrosis.
Minimal intraluminal fibrosis, which consisted of fibroblasts and collagen organizing alveolar exudate, obliterated a few alveoli within foci of granulomatous pneumonia in 5 C3H/HeJ mice (Fig. 4 ). Intraluminal fibrosis only occurred in conjunction with numerous neutrophils and cholesterol clefts.
No histopathologic lesions were present in control mice, except that 1 C3H/HeJ mouse had minimal interstitial lymphocytic aggregates. These aggregates were much smaller and fewer than in any of the Be-exposed mice.
Lymphocytes in Lung Lesions
Distribution and relative proportions of B, CD4+ T, and CD8+ T cells did not vary by mouse strain. In both strains, interstitial compact lymphocytic aggregates were composed primarily of B cells (Fig. 5A, B ). Low numbers of CD4+ T cells were admixed with the B cells in the centers of aggregates, and greater numbers of CD4+ T cells were located at the periphery of aggregates (Fig.  5C, D) . The majority of lymphocytes in microgranulomas and in perivascular and interstitial infiltrates were CD4+ T cells (Fig. 6A ). When B cells were observed in the infiltrates, they tended to occur in small groups of cells.
Low numbers of CD8+ T cells were observed in the lungs; they occurred as widely scattered, individual cells and were not significant components of the cellular response (Fig. 6B) . In the upper portion of the photomicrograph, several neutrophils are admixed with the interstitial macrophages and Be particles. In the lower portion, the interstitial infiltrate is composed of macrophages, lymphocytes, and plasma cells.
H&E.
X240.
Lymphocyte Proliferation In Situ
There were no strain-related differences in labeling indices for lymphocytes in interstitial compact aggregates or microgranulomas (Table II) . For each strain, labeling indices were significantly greater for lymphocytes within microgranulomas compared to lymphocytes within interstitial compact aggregates.
Lymphocyte Proliferation In Vitro
The lymphocyte SI never exceeded 2.6 in any blood, spleen, or lymph node samples receiving BeS04. SIs for PHA mitogen controls, although generally higher for C3H/HeJ mice, were strongly positive in all samples from both strains, except blood samples from A/J mice, indicating failure of the positive control in these blood samples. PHA responses were not significantly different in Be-exposed compared to sham-exposed control mice. For spleens, PHA mean SIs were 125 ± 52 for A/J mice and 237 ± 32 for C3H/HeJ mice; for tracheobronchial lymph nodes, PHA mean SIs were 317 ± 83 for A/J mice and 1,340 ± 149 for C3H/HeJ mice. For blood samples, the PHA mean SI was 344 ± 163 in C3H/HeJ samples, but the PHA mean SI in A/J samples was only 1.0 ± 0.2. 
DISCUSSION
The primary purpose of the present work was to establish a mouse model of CBD using the inhalation route of exposure and Be metal. Work by Huang et al (13) suggested that the A/J mouse would be an appropriate strain. C3H/HeJ mice were used as a second strain because they are much less susceptible to spontaneous and induced pulmonary neoplasia, which could confound interpretation of future chronic studies of nonneoplastic effects of Be exposure.
In the present study, the same types of histopathologic responses and the same relative numbers and localization of B, CD4+ T, and CD8+ T lymphocytes occurred in A/J (H-2a haplotype) and C3H/HeJ (H-2k haplotype) mice. Although these strains differ in H-2 haplotypes, they have the same combination of alleles of Class II genes. They differ only in the alleles of Class I genes.
Results of the present study might be predicted based on in vitro results of Saltini et al (28) , who used human cells and showed that the proliferation of Be-sensitized T cells could be inhibited by antibodies to major histocompatibility complex (MHC) Class II but not Class I molecules.
However, Class II restriction of the Be-induced response in vivo was not directly tested in the present study.
Nonspecific responses due to toxic and foreign-body properties of Be and immune responses may have contributed to the histopathologic lesions in both strains of mice. Proteinaceous alveolar fluid, neutrophils, organization of intraluminal exudates, and hypertrophic, vacuolated alveolar macrophages have been observed and are considered nonspecific responses in acute, Be-induced disease in humans (7) and in rats that inhale Be (9) . The extent of granulomatous inflammation, number of neutrophils, and amount of fibrosis, particularly intraluminal fibrosis, were greater in C3H/HeJ compared to AIJ mice.
Although both strains had similar body weight-normalized ILBs, the final Be lung burden results show that C3H/HeJ mice had higher Be lung burdens per gram body weight over the 28 wk after exposure. The higher Be lung burdens could account for the more severe chemical pneumonitis in C3H/HeJ mice. Conversely, and perhaps more likely, C3H/HeJ mice may have had a greater inflammatory response to the Be metal, and the greater inflammatory response may have retarded clearance more severely, resulting in higher final weight-normalized Be lung burdens in C3H/HeJ mice. It has been shown that a reduced ability to clear tracer particles is one of the most sensitive indicators of lung toxic responses to inhaled Be in rats (6) . CBD in humans is a hypersensitivity response resulting from Be-specific, cell-mediated, immune responses within the lung (24, 27, 28) . CBD is characterized histopathologically by interstitial infiltration and inflammation that is usually, but not always, granulomatous (7) . Macrophages are the predominant cells, but the cellular infiltration also consists of lymphocytes and plasma cells. Wellformed granulomas are present in approximately 56% of CBD cases (7) . Giant cells are commonly seen in granulomas, but their numbers are highly variable. At least some evidence of interstitial fibrosis is present in the majority of CBD cases. Histopathologic findings in mice comparable to human CBD lesions include interstitial mononuclear cell infiltrates, poorly formed granulomas, multinucleated and Langhans' giant cells, and interstitial fibrosis (Table III) .
Although granulomatous inflammation and granulomas occur with both foreign-body reactions and immune-mediated, delayed-type hypersensitivity reactions, there are histologic differences between foreign-body and immune granulomas [reviewed by Haley (8) ]. Foreign-body granulomas consist of macrophages and monocytes at various stages of maturation, with variable numbers of neutrophils, and few, if any, lymphocytes. Rats that inhale Be, for example, exhibit a foreign-body granulomatous inflammation with loosely organized granulomas consisting of vacuolated macrophages and neutrophils within alveoli, foreign-body multinucleated cells, and cholesterol clefts resulting in a slightly nodular pattern (9) . Immune granulomas, in contrast, are more tightly organized, have a distinct lymphoid component in addition to the macrophages, and are more apt to contain Langhans' giant cells. Mice that inhaled Be exhibited both a foreign-body granulomatous pneumonia and granulomas with histologic characteristics of immune granulomas.
Large numbers of lymphocytes are present in the lungs of patients with CBD. Of the lymphocytes in bronchoalveolar lavage fluid from CBD patients, 74-87% are T lymphocytes, and approximately 65% are CD4+ (24, 28) . Patients with CBD also have polyclonal elevations of serum immunoglobulins, and a Be-specific IgG antibody has been reported (2) . The present study examined lymphocyte subsets in situ and showed that the majority of lymphocytes were CD4+ T cells. There were lesser numbers of B lymphocytes, and they were in compact aggregates in the interstitium of the peripheral lung. An absolute correlation between lavagable lymphocytes and to- Fig. 5A to show the membrane staining of the B cells on the left side of this photomicrograph (center of the aggregate). Note that there is no immunoreactivity (i.e., no dark staining surrounding the nuclei) with the lymphocytes on the right side of this photomicrograph (periphery of the aggregate). C) Serial section to Fig. 5A immunoreacted with CD4+ antibody. Compare this low-magnification (X 150) photomicrograph with Fig. 5A and note the lack immunoreactivity with the central lymphocytes. Also note the zone (outlined by arrows) of immunoreactivity of some CD4+ T lymphocytes in the periphery. There is no immunoreactivity of these lymphocytes in Fig. 5A . D) Higher magnification ( X 300) from the upper right of Fig. 5C to show the lack of CD4+ T cells to the left (center of the aggregate) and the presence of CD4+ T cells to the right (periphery of the aggregate). The immunoreactivity appears as a membrane staining surrounding the nuclei.
FIG. 6.-Serial frozen sections of interstitial infiltrates in an area of granulomatous inflammation immunostained using an avidin-biotin-peroxidase system, DAB chromogen, and light hematoxylin counterstaining of nuclei. X400. A) CD4+ antibody. The majority of lymphocytes are CD4+ T cells. The other cells present are mostly macrophages. Note the frequently close association between Be-containing macrophages and CD4+ T lymphocytes (arrow). Also note the Langhans' giant cell (arrowhead). B) Serial section to Fig. 6A immunoreacted with CD8a+ antibody showing the lack of CD8+ cells in the interstitial infiltrate. tal lung lymphocytes would not be expected because lymphocytes within alveoli are probably more accessible to lavage compared to those in interstitium, but the types of lymphocytes in these Be-exposed mice are similar to those in people with CBD.
Despite the similarity of Be-induced lung lesions in these mice to those observed in CBD, Be specificity was not demonstrated by the lymphocyte proliferation assay. This result could indicate the absence of Be-specific T cells in the tissues sampled (spleen, tracheobronchial TABLE II.-Lymphocyte labeling indices in interstitial compact aggregates of lymphocytes and microgranulomas in Be-exposed mice.a a See text for definitions of lesions. These lesions were not present in control mice. b The lymphocyte labeling index (%) for each type of lesion for each mouse was calculated as (number of labeled lymphocytes)/(total number of lymphocytes) X 100. Data presented are the mean::!: SD; n = 8 mice per strain. * Labeling index significantly greater (p < 0.05) than corresponding labeling index in lymphocyte aggregates. lymph node, peripheral blood), suggesting restriction of Be-specific T cells to affected regions of the lung. Alternatively, absence of a T-cell proliferative response to Be in vitro may reflect the complexity of the cellular response to Be. Previous reports of in vitro proliferative responses in mice have demonstrated only mild degrees of stimulation (13, 21) , and these data are complicated by the potential for B-cell mitogenesis by Be compounds (23) . Although MHC Class II histotype appears to influence the response, a classical role for antigen presentation by MHC molecules has not been proven (22) . It is assumed that Be induces an immunologic response by acting as a hapten through binding to a self-molecule that is subsequently perceived as a foreign antigen, but neither the antigen nor the mechanism of Be recognition has been identified (14) . Therefore, it cannot be determined whether the lack of proliferative responses of mouse lymphocytes to Be indicates a lack of immune sensitivity, or whether an element required for the response of mouse cells to BESO, is absent in the in vitro system. Lymphocyte labeling indices were greater in microgranulomas than in compact aggregates and did not differ by mouse strain. Data that directly compare B-and CD4+ T-cell labeling indices in these mice are not avail- able. However, the localization of these lymphocyte subsets in the mouse lungs would suggest that proliferative responses were greater for CD4+ T cells (predominant lymphocytes in microgranulomas) compared to B cells (predominant lymphocytes in compact aggregates).
Beryllium-induced lung disease is probably due to local proliferation of Be-specific lymphocytes and to nonspecific inflammatory and chemotactic events that attract large numbers of lymphocytes, activated macrophages, and other inflammatory cells to the lung resulting in a cytokine amplification loop (1, 15) . Beryllium is a known adjuvant [reviewed by Newman (22) ] and can act as a nonspecific mitogen. Beryllium has mitogenic effects on murine splenocytes (25) and B lymphocytes (23) 
This combination of Be-induced effects could account for the histopathologic lesions, lymphocyte subsets, and lymphocyte proliferation observed in Be-exposed A/J and C3H/HeJ mice.
The response of the mouse lung to other inhaled, poorly soluble particles provides an interesting contrast to the Be-induced response. Chronically inhaled diesel exhaust (16) , nickel oxide (4), and nonasbestiform talc (20) induce nonspecific, chronic inflammation characterized by large numbers of hypertrophic alveolar macrophages, variable numbers of neutrophils, and alveolar proteinosis. Minimal perivascular infiltrates and low numbers of multinucleated (mostly binucleated) macrophages may occasionally be seen. The prominent mononuclear intersti-tial infiltrates, large numbers of multinucleated giant cells, peripheral interstitial compact aggregates of lymphocytes, and microgranulomas with Langhans' giant cells are components of the chronic inflammation in these Be-exposed mice that are not observed in mice exposed to diesel exhaust, nickel oxide, or talc.
The response of the mouse lung to inhaled silica, a poorly soluble and cytotoxic particle, also contrasts with the response to inhaled Be. Balb/c mice that inhale silica for 12 hr/day, 6 days/wk over 2 wk to achieve mean ILBs of 23 J.Lg (29) develop centriacinar inflammatory lesions consisting of foamy macrophages and neutrophils. These lesions are most prominent immediately after exposure but rapidly decline so that few are present by 12 wk after exposure. These same mice developed fibrotic perivascular lesions 2 wk after exposure, and there were increased numbers of CD3+ perivascular lymphocytes at 2 and 6 wk after exposure. These lesions contained few macrophages; they rapidly regressed so that 12 wk after exposure only occasional fibrotic lesions could be found, sometimes surrounded by lymphocytes. There was no increase in B lymphocytes at any time following exposure.
The response of these mice contrasts with that of Be-exposed mice because the lymphocytic responses did not persist, the lymphocytes were not associated with macrophages or giant cells, and silica-exposed mice did not develop the other granulomatous responses as observed in Be-exposed mice. Responses of A/J and C3H/HeJ mice exposed to Be are quite different from responses of these other strains of mice to poorly soluble cytotoxic and noncytotoxic particles, but it is not known whether the differences are due to properties of the particles, the abilities of the mice to respond to the particles, or a combination of these factors.
Although CBD is a delayed-type hypersensitivity reaction, and HLA-DP may influence disease susceptibility (26) , there are still many unknowns concerning the mechanisms of Be-induced lung disease. Pending further knowledge of the molecular mechanisms of the in vitro Be-induced proliferative response, the importance of the difference in the in vitro responses of mice and humans cannot be determined. However, in view of the absence of a positive in vitro proliferative response, this mouse model cannot be confirmed as a definitive model of CBD in humans. There are striking similarities in the in vivo responses of mice and humans to inhaled Be. The histopathologic similarities (summarized in Table III ) and the CD4+ T-cell predominance with local proliferation suggest an immune-mediated response in the mice. Thus, this mouse model of chronic lung disease induced by inhaled Be metal can be used to investigate the importance of variables such as the physicochemical form of the Be, dose, and frequency of exposure and to evaluate possible therapeutic agents. facilities fully accredited by the American Association for the Accreditation of Laboratory Animal Care. All animals are maintained and used according to the recommendations in NIH Publication 85-23, Guide for the Care and Use of Laboratory Animals, and ITRI has an approved Public Health Service Animal Welfare Assurance number. M.D.T. was a Department of Energy/Associated
